An RNA-protein complex was isolated from the 50S subunit of E. coli ribosomes after trypsin digestion. The complex contains only one protein, L24. Treatment bf the complex with pancreatic ribonuclease results in digestion of most of the RNA; however, an RNA fragment of about 100 nucleotides in length is stable to nuclease digestion and remains bound to the protein. It is also possible to reconstitute a complex from 23S RNA and isolated L24; nuclease digestion of this complex produces a resistant RNA fragment of the same size as the native complex. The protein can still bind to 23S RNA after N-methylation of about 20% of its lysine residues. Thus, by use of N-methylated L24 labeled with either 14C or 3H, the binding stoichiometry of the reconstituted complex was established; binding of L24 to RNA once again renders the protein trypsin-resistant. This would appear to be a good system for the study of RNA-protein interactions.
The nature of the specific interactions between nucleic acids and proteins is of great interest for several reasons. First, it seems clear that such interactions must have played a crucial, and perhaps pivotal, role in the emergence of a primitive genetic code and in its early development (1) . Second, the specific recognition of stretches of DNA by repressor molecules determines the nature of the genetic information that is transcribed into mRNA (2) . Third, the interaction of tRNA with specific aminoacyl-tRNA synthetases provides the specificity for introduction of the correct amino acid into proteins during translation (3) . Finally, there exist within the structure of the ribosome several proteins that form sitespecific complexes with ribosomal RNA (5) (6) (7) (8) (9) (10) (11) , and, for the 30S subunit at least, are essential for the assembly of functionally active 30S particles (4) .
There are five to six proteins of the 30S subunit of Escherichia coli ribosomes that interact directly and specifically with 16S RNA (5) (6) (7) (8) (9) (10) . The binding sites of these proteins on the 16S RNA molecule have been recently analyzed (10) ; five proteins bind to the 5' half of the 16S molecule, while only one protein (S7) binds to a 500-600 nucleotide fragment derived from the 3' terminus of the molecule. It has also been established in this laboratory that eight proteins of the large subunit of E. coli ribosomes form specific complexes with 23S RNA (11) , and three of the 50S proteins are involved in the binding of 5S RNA to the 23S RNA molecule (12, 13) . Although such RNA-protein complexes formed from isolated ribosomal proteins and RNA could prove to be useful models for recognition of specific nucleotide sequences by specific proteins, it is not certain that such reconstituted complexes are identical in all respects to those found in vivo.
During experiments on digestion of 50S subunits and 70S ribosomal particles from E. coli with trypsin, we observed that the protein L24 was not susceptible to proteolytic attack when in ribosomal particles (14) . This susceptibility is in marked contrast to its ease of digestion by trypsin when isolated free of RNA (Crichton, R.R. & Wittmann-Liebold B., unpublished). Since L24 is a 23S RNA binding protein (11) , we concluded that it should be possible to isolate a native RNA-protein complex, and we present here a brief report of its isolation and preliminary characterization and a comparison with the reconstituted complex prepared from L24 and 23S RNA. Preliminary reports of this work have been published (15) .
METHODS
Isolation of Ribosomes. E. coli strain MRE 600 was grown in rich medium containing 0.2% yeast extract (16) , and the cells were harvested in late-log phase. Ribosomes and ribosomal subunits were prepared as described (14, 17 (22,t) .
RESULTS AND DISCUSSION
The effect of digestion of 70S ribosomes or of 50S subunits with trypsin is shown in Fig. 1 . Of the 34 proteins present in the original 50S subunit, only one remains undigested, namely, L24, as we have shown previously (14) . The same result is obt Wrede, P. & Erdmann, V., manuscript in preparation.
tained on treatment of 50S subunits with either subtilisin or chymotrypsin, although with these two enzymes several other proteins also remain undigested. In the absence of RNA, L24 is readily digested by all three enzymes (Crichton, R. R. & Wittmann-Liebold, B., unpublished). These results suggest that the resistance of L24 to trypsin when associated with RNA is not due solely to shielding of lysine and arginine residues due to interaction with the phosphate backbone of the RNA. We isolated a native RNA-protein complex by treating isolated 708 ribosomes with trypsin as described in the legend to Fig. 1 , and then subjecting the digest to chromatography on Sephadex G-75. A typical elution profile is shown in Fig. 2 . The peak that eluted with the void volume (henceforth referred to as trypsin digestion product) contained not only RNA but also protein L24, as established by two-dimensional electrophoresis. No other proteins were present. The material that eluted subsequently from the column consisted of oligonucleotides, derived from rRNA, and oligopeptides, from the other ribosomal proteins. Much of the peptide material remained adsorbed to the column and could be removed only by solutions of high salt or high pH.
The rRNA underwent some degradation during the trypsin treatment (Fig. 3) . No intact 16S or 23S material was detected on gels, and several bands were seen of about 7 S in size. Whether this result was due to nuclease contamination of the trypsin preparation used or to residual nuclease activity in the ribosomal particles, themselves was not investigated.
In order to isolate the binding site of L24 on the 23S RNA, we established, in a series of preliminary experiments, the concentration of pancreatic ribonuclease and of ribonuclease T1 under which the bulk of the RNA was hydrolyzed to small oligonucleotides while that part of the RNA to which the 124 was bound remained intact. Concentrations of between 2 and 0.5% were found to be suitable for both enzymes. The binding site was isolated by nuclease digestion of the trypsin digestion product and chromatography on Sephadex G-50 (Fig. 4) , and eluted with the void volume. This material (designated as the nuclease isolation product of the trypsin digestion product) contained the protein, L24, and a piece of RNA estimated by gel electrophoresis to be about 100 nucleotides in length (Fig. 3) L24 is capable of binding to 23S RNA (11) , and the binding occurs in a stoichiometry of 1 mol of L24 per mol of 23S RNA. However, one of the greatest problems associated with studies on rRNA-protein binding sites is to establish that the binding is site-specific. Since we are able to isolate the native binding site for L24, it was clearly desirable to compare the binding site as isolated from such reconstitution experiments with the native binding site. L24 was incubated with either 23S RNA or with a mixture of rRNAs derived from 70S ribosomes: the same results were obtained in each case. After 1 hr at 420, the RNA-L24 complex was separated from unbound protein by gel filtration on Sephadex G-75 in TMK buffer. The reconstituted complex was digested with nuclease under identical conditions to those used for the native complex (trypsin digestion product), and the products were separated as before on a Sephadex G-50 column. The elution profile was in all respects similar to that obtained with the trypsin digestion product (Fig. 4) . The peak that eluted with the void volume (nuclease isolation product of the reconstituted complex) was again shown by gel electrophoresis to contain L24 and a fragment of RNA about 100 nucleotides I. s long that migrated as a single band (Fig. 3) . Coelectrophoresis of the RNA from the nuclease isolation products of the trypsin digestion product and of the reconstituted complex (isolated by phenol extraction) on 10% acrylamide gels gave a single homogeneous band (Fig. 3) . It thus seems that the rRNA binding site for L24 is very similar in the native and reconstituted ribonucleoprotein complexes. The sequence analysis of the two RNA fragments is in progress, and preliminary results suggest that the two fragments have very similar nucleotide fingerprints and are derived from a site close to the 5' terminus of the 23S RNA molecule (R. R. Crichton & C. Branlant, unpublished work).
In order to establish the stoichiometry of binding, and also because we wanted to analyze subsequently the ability of L24 to bind to various RNA fragments, it was desirable to have radioactively labeled L24. Preparation of N-methylated proteins provides a convenient method for obtaining high specific activity of radioactive product without any appreciable loss of functional properties (21) . Since this reaction is directed primarily at lysine residues, it might be anticipated that such treatment of an RNA-binding protein might seriously affect its ability to bind to RNA, since the-salt linkages between lysine e-amino groups and the phosphate backbone of the RNA molecule presumably contribute substantially to stabilization of the RNA-protein complex. N-methyl L24 forms a perfectly satisfactory complex with 23S RNA (Fig. 5) . This, of course, gives us a very convenient method for determining the stoichiometry of binding of L24 to 23S RNA, and of answering several questions regarding the binding of L24 to smaller RNA fragments. The specific activity of N-methyl L24, both 'H-and 14C-labeled, was determined as described in Methods. By incubation of constant amounts of RNA with increasing amounts of N-methyl L24 under reconstitution conditions, followed by separation of bound from unbound protein, as shown in Fig. 5 , we can measure the stoichiometry of binding of N-methyl L24 to 23S RNA. The value of 0.98 0.15 found suggests that this process involves one mol of L24 per mol of 23S RNA, and agrees well with previous estimations by immunological methods (11) .
We have commented earlier on the trypsin resistance of L24 when in the 50S subunit and the contrast to its ready digestibility when isolated free from RNA and other proteins. It is of interest to establish whether L24 is also stable to the action of trypsin when in a reconstituted complex with 23S RNA. As can be seen from Fig. 6 , this is indeed the case. Fig. 6a shows the effect of overnight trypsin digestion of Nmethyl-L24, followed by subsequent reconstitution with 23S RNA and gel filtration. All of the radioactivity elutes in a position that corresponds to low molecular weight products. This control also establishes that N-methyl L24 is trypsinsensitive, and that there are apparently no tryptic peptides of L24 that can recognize the RNA (although this latter conclusion must be treated with caution in view of the extensive degradation of the RNA observed in Fig. 6a ). In contrast, when the reconstituted complex is first formed between L24 and 23S RNA, and the complex is then digested with trypsin overnight, only the N-methyl L24 that is not bound to the RNA is digested (Fig. 6b) . It thus seems that on binding to RNA the protein once again assumes a set of conformational states in which it is trypsin-resistant.
Analysis of the nature of the interaction between nucleic acid and protein ultimately requires knowledge of the primary structure of both the nucleic acid and the protein. The RNAprotein complex whose isolation is reported here is small (about 40,000 daltons) and stable, and it can be readily prepared in good yield from 70S ribosomes. Since both the sequence of the RNA and of the protein itself are under investigation, it would appear to be a good model system for the study of nucleic acid-protein interactions.
